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Chemical Displacement of Molecules Adsorbed on Copper Surfaces: Low-Temperature
Studies with Applications to Surface Reactions
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Previous experiments have demonstrated that displacement of a molecule adsorbed on a metal surface by an
impinging gas-phase molecule can be quite a facile process. The generality of this process for an enthalpic
driving force as small as 1 kcal/mol is demonstrated here using the displacement of a weakly binding alkene,
cyclopentene, by a series of more strongly binding alkenes on Cu(100). Surface structure sensitivity in the
process is also demonstrated by a comparison of benzene and cyclopentene coadsorption on Cu(100) and
Cu(110). This work also shows the utility of conducting the displacement process below the temperature at
which the displaced molecule desorbs from the multilayer so that temperature-programmed desorption can
be used to quantify the surface coverage of displaced molecules. Itis also shown that one can readily determine
the kinetics of adsorbate bond dissociation and bond formation reactions by combining these chemical
displacement measurements of surface coverage with an anneal/quench protocol. This approach is demonstrated
through chemical displacement experiments that determine that-tiBr Gond in vinyl bromide adsorbed

on Cu(100) dissociates near 157 K and that the formation of toluene from reaction between methyl iodide
and coadsorbed phenyl groups on Cu(110) occurs below 160 K. The relative importance of enthalpy and
entropy in chemical displacement is also discussed.

I. Introduction displacement of monolayers at the vacuum/solid interface where

An important phenomenon in the interaction of adsorbed the solvent effects can be precisely controlled may provide
monolayers with bulk phases is the replacement of surface- Important insights into ligand exchange in molecular complexes.
adsorbed molecules by molecules from the bulk phase. This The focus of the current work is the demonstration and
type of mono|ayer rep|acement p|ays a key role in processesappncation of chemical diSplacement for the Study of adsorbed
such as heterogeneous catalysis where replacement of surfacgnonolayers and reactions at the vacuum/solid interface. Previ-
generated products by bulk phase reactants is required forous studies that are directly relevant to the current work are
catalytic turnover. Interestingly, while monolayer replacement summarized in Tables-13. All of these studies involve the
can occur simply by desorption from the monolayer followed chemical displacement of monolayers at the vacuum/solid
by adsorption from the bulk, there are now numerous examplesinterface at temperatures significantly below where the adsorbed
where it is clear that replacement is a concerted process in whichspecies would thermally desorb in the absence of the displacing
molecules from the bulk phase assist the desorption of adsorbateggent. In some cases, the displacing agent is simply an isotope
from the monolayer. Examples include displacement chroma- of the adsorbed molecdfe?® and the exchange process
tography? surface exchange of adsorbed polymers in thin observed demonstrates the facility with which monolayers
films,2-6 solute/solvent exchange at the liquid/solid interféde,  equilibrate with gas-phase species. More commonly, the
acid—base displacemeft>competitive adsorption of proteins  displacing agent is chemically different from the adsorbed
at biologically relevant interfacésand surfactant-mediated  species and there is an enthalpic driving féfcE:22 3¢ for this
growth of metal®12 and semiconductét thin films. adsorption-assisted desorption (see Table 1). In other studies,

In each of these examples, monolayer replacement occurs ait appears that part of the effectiveness of the displacing agent
a rate that is orders of magnitude faster than the rate of (e.g., B) may be due to the fact that it dissociates upon
desorption from the monolayer in the absence of the bulk phase.adsorptior?’—4? Results of these dissociation-induced chemical
It is thus appropriate to view these replacement events asdisplacement studies are summarized in Table 2. Although there
displacement processes in which adsorbed species are displaceid some uncertainty as to whether it is the displacement that
from the monolayer by molecules from the bulk phase. To permits dissociation or the dissociation that drives displacement,
distinguish these displacement processes from the removal ofa number of recent results, also summarized in Table 2, provide
monolayers by physical sputtering, we use the term “chemical convincing evidence that dissociation of adsorbed species can
displacement”. For simple adsorbates and single monolayers,drive the displacement of molecules that are coadsorbed in the
chemical displacement is the surface analogue of ligand monolayer*344 All of the studies in Tables 1 and 2 have been
displacement in inorganic and organometallic chemistryn carried out at temperatures above where the displaced species
fact, the understanding gained from studies of the chemical desorbs from the second layer. A number of studies, however,

) have demonstrated that chemical displacement can be suf-
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TABLE 1: Adsorption Assisted Desorption

system comment ref
Ni(100)/C80 + C*0 — Ni(100)/C®0 + C*0 Tsurface < 200 K D. W. Goodman et &P (1980)
Pd/C®0 + C%0 — Pd/C%0 + C®O Tsurface= 339466 K T. Yamada et af (1983)
W(lOO)/CQDe + CgHe_’ W(loo)/CgHe + CzDe Tsurface= 110 K A. C. Liu et al'” (1989)
Ir(110)/H+ CO— Ir(110)/CO+ H, Tsurface= 130 K D. E. Ibbotson et & (1980)
Ni(100)/CsHg + P(CHs)s — Ni(100)/P(CH);s + CsHs Benzene detected as intermediate in hydrocarbonM. C. Tsai et af? (1982)
decomposition reaction. Also on Ni(111), M. C. Tsai et al.23 (1982)

Ni[9(111) x (111)], and Ni[7(111)x (111)]
Pt(100)/GHs + P(CHs)s — Pt(100)/P(CH); + CeHe Benzene detected as intermediate in hydrocarbon Tsai et aP®(1982)
decomposition. Also on Pt(111) and Tsai et aP®(1982)

C. M. Friend et aP*(1981)

M. C.

M. C.

PH6(111)x (111)] M. C. Tsai et aP® (1982)
K G. E.

C.T.

F.C.

Pt(111)/CO+ PH; — Pt(111)/PH + CO Teurtace=100 Mitchell et a7 (1987)
Pt(111)/GHao + Bi — Pt(111)/Bi+ CgHio bismuth postdosing thermal desorption Campbell et 248 (1988)
mass spectroscopy Fenn et & (1989)
Ni(100)/CO+ NO — Ni(100)/NO+ CO Tourtace= 140 K A. V. Hamza et af° (1998)
Tsurface= 160 K, oriented NO beam H. Muller et al3! (1992)
Taurface= 300 K, oriented NO beam H. Muller et al®? (1994)
Tsurface= 310 K M. Kawai et al*3 (1994)
Al,04/Rh/CO+ PH; — Al ,O4/Rh/PH; + CO Tsurface= 90 K G. Lu et a4 (1990)
Pt(111)/Q + CO— Pt(111)/CO+ O, Teutace= 100 K, CO beam C. Akerlund et #(1994)
Pt(111)/Q + H, N, O— Pt(111)/H, N, O+ O Tourtace= 80 K J. Lee et a¥t (1994)
TABLE 2: Dissociation-Induced Desorption
system comment ref
W(100)/H+ D, — W(100)/D+ H, Teurtace= 298 K L. D. Schmidt et a¥” (1970)
Ni(100)/CO+ H, — Ni(100)/H + CO Tourtace= 309-330 K C.S. Shen et &F.(1988)
J. L. Gland et af® (1990)
Pt(111)/CO+ H, — Pt(111)/H+ CO Tourtace= 309-328 K J. L. Gland et a#? (1990)
Teurface= 130-400 K D. H. Parker et at° (1990)
Tsurface= 318-348 K D. H. Parker et at! (1991)
Ag(110)/2 Q — Ag(110)/20+ O, Tsurface= 170 K J. T. Roberts et &F.(1992)
Ni(111)/CO+ H, — Ni(111)/H+ CO See shift in CO desorption temp R. Zhang ¢£41.993)
Fe(100)/2 CO— Fe(100)/0+ Fe(100)/C+ CO Tsurtace= 440 K M. H. Nassir et at (1994)
TABLE 3: Chemical Displacement to a Second Layer
system comment ref
RU(OO]-)/QDS/CGHG + CGDG - RU(OOJ-)/QDG/CGDG/CGHG Tsurface: 115K P. Jacob et ap-(1989)
D. Menzel et al® (1989)
Cu(111)/GDg + CsHs — Cu(111)/GHe/CsDs Tsurtace= 110 K Xi et al?°(1994)
graphite(0001)/Xet- Kr — graphite(0001)/Kr/Xe Tsurface= 84.5 K J. Regnier et &P, (1981)
graphite(0001)/gH1, + Kr — graphite(0001)/Kr /6H12 Tsurface= 77 K A. Razafitianamaharavo et #1(1990)
graphite(0001)/CGI+ Kr — graphite(0001)/Kr/CGl Tsurface= 79 K M. Abdelmoula et at” (1992)
Pt(111)/GHe + Bi — Pt(111)/Bi/GHs Benzene detected as C. T. Campbell et &% (1988)
intermediate in hydrocarbon J. A. Rodriguez et & (1989)
decomposition reaction. J. A. Rodriguez et & (1989)
Tsurface= 110 K
Pt(111)/GHsCHs + Bi — Pt(111)/Bi/GHsCHs Tourtace= 100 K M. E. Domagala et &P.(1994)
Pt(111)/HO + HCOOH— Pt(111)/HCOOH/HO Teurtace= 100 K M. R. Columbia et & (1990)

the monolayer. Particularly noteworthy examples of chemical ®® @@
displacement, in the context of the present work, have been the \@ ® ®
application of bismuth (by Campbell and co-worké&-48-50) ®°® /
Friend, et af?22%) as displacing agents to study the reactions Heat w;
of hydrocarbons on p'latlnum.an.d nickel single-crystal surfaces. Figure 1. Schematic chemical displacement reaction in which species

These prior experiments indicate how the phenomenon of g “intially adsorbed in the first layer, is displaced to the second layer
chemical displacement can be applied to study surface chemistryguring the adsorption of impinging gas-phase species A. If the chemical
and in some cases to extract kinetic information concerning the displacement experiment is conducted at low temperature, the displaced
temperatures of elementary reaction steps on surfaces. In theB molecules will remain adsorbed in the second layer. When the surface
present work we demonstrate the generality of the chemical in @ temperature-programmed desorption experiment is heated, the B
displacement phenomenon for hydrocarbon adsorbates on Cc)pperlnolecules will desorb from the surface at the multilayer desorption

; temperature.

surfaces and show how this process can be used as a tool for
quantitative kinetic studies of decomposition and synthesis reaction is quite facile and the temperature of the surface is
reactions on surfaces. A key feature of these studies is that theheld low enough during this displacement process, then the
chemical displacement is carried out at low temperature, wheredisplaced species, B, will remain adsorbed in a second layer or
the displaced molecules remain physisorbed on top of the multilayer. The number of displaced molecules can then be
monolayer of the displacing agent. Figure 1 illustrates such an quantified from the area of the desorption peak in a subsequent
idealized, low-temperature, chemical displacement process withTPD experiment. Thus, if a surface chemical reaction is
two generic adsorbates, A and B, where A bonds more strongly quenched by cooling to low temperature, the extent to which a
to the surface than B. As shown, if the chemical displacement displaceable reactant has been consumed or a displaceable

and the application of trimethylphosphine (by Muetterties, BEOEEG
——
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Probing the kinetics of elementary steps in

surface processes using chemical displacment 14? K Cu(100)
k (Product) Qntermediates) @eaolanD ‘/
G O, e -

1.0 L Cyclopentene +
10.0 L 1-Hexene, m/e" =68

|

Product Reactant
Formation Dissociation
Study by quenching the reaction Study by quenching the reaction

and displacing products which and displacing reactants which
have been formed. have not undergone dissociation.

224 K
1

1.0 L 1-Hexene, m/e*=84
27] K

Figure 2. Schematic diagram of the kinds of adsorbate reactions that
can be studied using chemical displacement. The kinetics of both bond

ION INTENSITY (ARB. UNITS)
G}

dissociation and bond formation can be determined by applying (B)

chemical displacement following an anneal/quench cycle. The extent 203 K .

of reaction is quantified by detecting the displaced reactants or products . 1.0 L Cyclopentene, m/e"=68
that desorb in a subsequent temperature-programmed desorption 264 K

experiment. ‘

(A).

product has been formed can be quantitatively determined. Both | T T

of these applications (adsorbate decomposition and adsorbate 100 200 300 400

synthesis) are indicated schematically in Figure 2 and are TEMPERATURE (K)

illustrated with the experiments described in the text below using Figure 3. Temperature-programmed desorption spectra monitoring

the reactions of halogenated hydrocarbons on copper surfacesmolecular desorption of (A) 1.0 L of cyclopentenenae” = 68 on
Cu(100), (B) 1.0 L of 1-hexene at/et = 84 on Cu(100), and (C)

; i cyclopentene at/e” = 68 following sequential adsorption of 1.0 L

Il. Experimental Section c§clogentene and 10.0 L l-hexenegon gu(lOO) at 100pK. The results in

The experiments were performed in ultrahigh vacuum (UHV) (C) indicate, as discussed in the text, that 1-hexene displaces pre-
systems at Columbia University and Brookhaven National adsorbed cyclopentent from the monolayer to the multilayer on Cu(100).
Laboratory. Details of the Columbia UHV chamber and of
experimental protocol for TPD studies are presented in ref 52. studies reported here. All NEXAFS spectra reported have been
Briefly, the Cu(100) and Cu(110) crystals (Monocrystals, divided by the spectra of a clean surface taken at the same
99.999%) were cleaned by cycles of *Asputtering and incidence angle and by the ratio of the signals from a reference
annealing. Reactants were adsorbed onto the crystal by backgrid that measures the incident beam intensity simultaneously
filling the chamber. Cyclopentene (Aldrich, 99%), benzene With the NEXAFS spectra. The validity of such a treatment
(Fischer, 99.9%), iodobenzene (Aldrich, 99%), iodobenzene- has been discussed in detail previolsly.
ds (Icon, 97 atom. % D), and methyl iodide (Aldrich, 99.5%)
were purified by several freez@pump—thaw cycles with liquid Ill. Results
nitrogen prior to dosing, and sample purities were confirmed
in situ by mass spectrometry. Vinyl bromide, a gas (Matheson, 1ll.1. Low-Temperature Chemical Displacement of Physi-
99.5%), was used as received, without further purification. All sorbed Hydrocarbons on Cu(100) and Cu(110) To illustrate
exposures are reported in Langmuirs (1 Langmuir€LYL x the phenomenon of low-temperature chemical displacement,
1076 Torr s) and are uncorrected for differing ion gauge which we will later use to determine adsorbate reaction kinetics,
sensitivities. The quadrupole mass spectrometer (QMS) is we consider first the displacement of one unreactive adsorbate,
installed behind a differentially pumped shield containing a 2 cyclopentene, by a more strongly binding adsorbate, 1-hexene,
mm diameter aperture. In TPD studies, the sample was heldon a Cu(100) surface. Plots A and B of Figure 3 show TPD
1-2 mm from the aperture so that only molecules evolved from spectra, monitoring the molecular ion, for 1.0 L exposures of
the central portion of the 1 cm diameter crystal contribute to cyclopentene and 1-hexene on Cu(100). The cyclopentene
the detected signal. The heating rate in all TPD experiments molecular desorption spectrum, Figure 3A, has two peaks (203
was 3 K/s. and 264 K) that result from desorption from terrace sites at low

The near-edge X-ray absorption fine structure (NEXAFS) temperature (203 K) and from desorption from defect sites at
measurements were conducted on beamline U1 of the nationalhigh temperatures (264 K). (These assignments are based on
synchrotron light source (NSLS) at Brookhaven National studies of sputtered and sputtered plus annealed surfaces that
Laboratory. A detailed description of the experimental end are presented elsewhé®. Notice that the 224 K terrace
station apparatus has been given in ref 53. The two-stage UHV desorption peak in the 1-hexene TPD spectrum in Figure 3B is
chamber is equipped with an ion-sputtering gun, a quadrupole 21 K higher than the analogous terrace desorption peak at 203
mass spectrometer, and an Auger electron spectrometer, whictK for cyclopentene desorption from Cu(100). Assuming that
allowed confirmation that the desired vinyl bromide-covered there is no barrier for adsorption, this kinetic result indicates
surfaces were reproduced in this chamber. Control experimentsthat 1-hexene bonds more strongly (in terms of free energy) to
on clean and vinyl bromide-precovered Cu(100) surfaces the Cu(100) surface than does cyclopentene. A first-order
revealed that carbon monoxide and water adsorption from analysis, based on the peak desorption temperatures and assumed
background gase®(< 1 x 107° Torr) had no detectable effect  preexponential factors of $®s™1, indicates that the activation
on the vinyl bromide NEXAFS spectra reported here. All energy for 1-hexene desorption (13.5 kcal/mol) is 1.2 kcal/mol
spectra were recorded with a partial electron yield detector with higher than the activation energy for cyclopentene desorption
a retarding voltage of—200 eV. The resolution of the (12.3 kcal/mol) from Cu(100). These results indicate a ther-
synchrotron monochromator was set at 0.3 eV throughout the modynamic driving force for 1-hexene to displace cyclopentene
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Figure 4. Temperature-programmed desorption spectra monitoring Figure 5. Temperature-programmed desorption spectra monitoring
molecular desorption of 1.0 L of (A) propene ate” = 42, (B) molecular desorption of cyclopentene mtet = 68 from Cu(100)
cyclopentene atvet = 68, (C) cyclohexene at/e™ = 82, (D) 1-hexene  following sequential adsorption of 1.0 L of cyclopentene and 10.0 L
atm/e” = 84, and (E) benzene ave* = 78 from Cu(100). of (A) propene, (B) cyclohexene, (C) 1-hexene, and (D) benzene. The

spectra indicate that cyclohexene, 1-hexene, and benzene, but not
from the monolayer on Cu(100). The kinetic facility of this Propene, can displace monolayer coverages of cyclopentene to the
process at 110 K is demonstrated by the results in Figure SC.t”;“m't"SE/;[jreWhere it desorbs at the 140 K multilayer desorption

Figure 3C shows TPD results for a cyclopentene-covered P '

Cu(100) surface (the same 1.0 L exposure, 40% of ML g heen exposed to 1.0 L of cyclopentene followed by 10.0 L
saturation, as in Figure 3A) that has been exposed to 10.0 L propene (Figure 5A), cyclohexene (Figure 5B), 1-hexene
(4.0 ML) of 1-hexene. Figure 3C, which plots the resulting (Figure 5C), and benzene (Figure 5D).
TPD spectrum for the cyclopentene parent iavig™ = 68, As expected, the 10.0 L exposures of benzene, 1-hexene, and
shows that virtually all of the cyclopentene initially adsorbed . cjohexene all result in cyclopentene evolution at 140 K, which
on Cu(100) is evol\_/ed at 140 K(t_he same temperature at which . tha same (to within thet5 K reproducibility of these
cyclopentene multilayer desorption occurs) after exposure 10 gyneriments) as the temperature for desorption of cyclopentene
the 1-hexene displacing agent. These results show that even 8,ysqrhed on top of monolayers of these displacing agents.
relatively small binding energy difference of approximately 1.0 qgitionally, Figure 5A reveals that 10.0 L of propene fails to
kcal/mol is sufficient to displace weakly adsorbed molecules displace cyclopentene from monolayer sites. In this case

from the catalytically active monolayer sites. It is also clear cyclopentene continues to desorb at the same 203 K peak
that the displacement process is quite facile in this system, yomerature as observed for 1.0 L of cyclopentene adsorbed
occurring at or below 140 K. alone (i.e., Figure 5A is virtually indistinguishable from Figure
The generality of this displacement phenomenon for unsatu- 4B).
rated, low-molecular weight hydrocarbons on Cu(100) is  The results in Figure 5D above also show that little, if any,
demonstrated by the results in Figures 4 and 5. These TPDof the cyclopentene molecules that bind to defect sites, and
studies illustrate the general finding that (for the representative desorb between 230 and 300 K, are displaced by the benzene
series of benzene, 1-hexene, cyclohexene, cyclopentene, angholecules. This result is not surprising, since the cyclopentene
propene) the adsorbate with the higher molecular desorption molecules at defect sites have a larger binding energy (i.e., larger
temperature, and consequently the larger free energy of adsorpfree energy of adsorption) compared to the benzene molecules
tion in the monolayer, displaces the adsorbate with the lower at these sites. This finding suggests an interesting structure
adsorption free energy (i.e., lower molecular desorption tem- sensitivity for chemical displacement; i.e., benzene displaces
perature). Specifically, Figure 4 plots the TPD spectra (moni- cyclopentene from the Cu(100) terraces, but the reverse appears
toring the molecular ions) that result when 1.0 L of each of to be true for low-coordination-number defect sites. This
these molecules is adsorbed separately on Cu(100). Again, eachtructure sensitivity is substantiated by studies of a Cu(110)
spectrum shows two peaks as a result of the different binding surface where even those surface atoms in the terraces have a
energies of these unsaturated hydrocarbons on the (100) terracegoordination number of only 6 compared with 8 for the surface
versus surface defect sites. As Figure 4 indicates, the desorptioratoms on Cu(100). Figure 6 shows TPD spectra, monitoring
temperature is highest for benzene and decreases in the ordefhe molecular ion, when 1.0 L of cyclopentene and benzene
1-hexene> cyclohexene> cyclopentene> propene. are dosed separately onto Cu(110). Notice that the desorption
This sequence of binding energies suggests that benzenepeak temperature for cyclopentene (Figure 6A) on Cu(110) is
1-hexene, and cyclohexene (but not propene) will displace 262 K, while the desorption peak temperature for benzene
submonolayer coverages of cyclopentene on Cu(100). Figure(Figure 6B) is 240 K. Thus, while the benzene adsorption
5 confirms this expectation. The TPD spectra in Figure 5 show energy on Cu(110) is nearly identical with that presented above
molecular desorption of cyclopentene after a Cu(100) surfaceon Cu(100), cyclopentene bonds much more strongly on
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Figure 6. Temperature-programmed desorption spectra monitoring Figure 7. Temperature-programmed desorption spectra monitoring
molecular desorption of (A) 1.0 L cyclopentenenale™ = 68, (B) 1.0 vinyl bromide molecular desorption ave™ = 106, (A) and (B), or

L benzene atwe" = 78, (C) cyclopentene atVe* = 68 following butadiene product desorption mfe™ = 54, (C) and (D), following
sequential adsorption of 1.0 L of cyclopentene and 10.0 L of benzene, (a) adsorption of 2.5 L vinyl bromide alone, (B) sequential adsorption
and (D) benzene at/e” = 78 following sequential adsorption of 1.0 of 2.5 L vinyl bromide and 2.5 L benzene, (C) adsorption of 3.0 L of

L of benzene and 5.0 L of cyclopentene on Cu(110). These spectrayiny| bromide alone, and (D) sequential adsorption of 3.0 L vinyl
indicate that benzene cannot displace preadsorbed cyclopentene ofbromide and 4.0 L benzene on Cu(100). These spectra indicate that
Cu(110), even though benzene does displace cyclopentene on Cu(100henzene displaces 90% of a monolayer of preadsorbed vinyl bromide
(see Figure 5). In addition, these spectra indicate that cyclopentenetg the multilayer on Cu(100).

displaces a majority of preadsorbed benzene on Cu(110).

Cu(110) than on Cu(100). First-order analysis based on the comparison above of Cu(110) and Cu(100) surfaces, where the
desorption peak temperatures (with assumed preexponentiability of benzene and cyclopentene to displace each other is
factors of 16%s-2) indicate that the cyclopentene binding energy reversed, emphasizes the specificity of displacement process to
on Cu(110) is 1.4 kcal/mol greater than the benzene binding the details of the system, including the atomic geometry of the
energy on the same Cu(110) surface. Thus, on the basis ofsurface. One molecule will not necessarily displace another
energetic considerations, one would expect that benzene willmolecule on all surfaces of the same metal or under all coverage
not displace preadsorbed cyclopentene on Cu(110). conditions.

Figure 6C displays the TPD spectrum that results from Ill.2. Determining Bond Dissociation Temperatures with
attempting to displace 1.0 L of preadsorbed cyclopentene on Chemical Displacement Having established the chemical
Cu(110) with 10.0 L of benzene. The spectrum, which monitors displacement phenomenon for hydrocarbon monolayers on
the cyclopentene molecular iom/e™ = 68, clearly shows that ~ Cu(100), we now illustrate the application of chemical displace-
most (95%) of the preadsorbed cyclopentene molecules onment to study the kinetics of bond dissociation, specifically
Cu(110) remain in the monolayer, unaffected by the subsequentC—Br bond dissociation in vinyl bromide adsorbed on Cu(100).
addition of benzene. By contrast, the TPD spectrum in Figure When Cu(100) surface is exposed to vinyl bromide, the first
6D shows that when 1.0 L (0.4 ML) of preadsorbed benzene is monolayer adsorbs irreversibly. As described in detail else-
exposedd 5 L of cyclopentene, 73% of the preadsorbed benzene where3®a 2.5 L exposure corresponds to a monolayer of vinyl
is displaced by cyclopentene to the multilayer where it desorbs bromide and, as shown in Figure 7A, no molecular desorption
at 160 K. It should be noted in conjunction with this result (as monitored by the parent ion mle™ = 106) is detected in
that 73% net displacement after multilayer desorption does notthe absence of a displacing agent for a monolayer exposure.
necessarily imply that 73% of the monolayer molecules are The studies in ref 56 show that the absence of molecular
displaced to the second layer prior to desorption. Entropic desorption from the monolayer is a result of vinyl bromide
factors and a dynamic equilibrium between the first and second dissociation on Cu(100) to form vinyl groups that subsequently
layers as the surface is heated in the thermal desorptioncouple near 250 K with 100% selectivity to form butadiene.
experiment can result in differences between the second-layerThe evolution of this coupling product is shown by thée* =
concentration at the 110 K adsorption temperature and the 54 TPR/D (temperature-programmed reaction/desorption) curve
second-layer desorption yields. This issue is quantitatively in Figure 7C. The purpose of the current work is merely to
addressed in section IV. In any event, most of the benzenedemonstrate the effectiveness of chemical displacement for
molecules on Cu(110) are displaced and desorbed from thedetermining the €Br bond dissociation temperature.
monolayer by cyclopentene during a TPD experiment. As the previous section emphasized, the first step in a

Despite the obvious steric issues in getting one molecule to successful chemical displacement experiment is choosing a
slide under another at an interface, it is clear from the results suitable displacing agent. The data in Figure 7 show that
above as well as from those in Tables-3 that chemical benzene displaces 90% of a vinyl bromide monolayer from
displacement processes tend to be quite facile and common forCu(100). This conclusion was reached by comparing TPD
a wide range of adsorbates and interfaces. In addition, thespectra (monitoring vinyl bromide molecular desorption and
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butadiene formation) with and without the addition of benzene
as a displacing agent. Figure 7A shows that a 2.5 L exposure
of vinyl bromide alone results in no molecular desorption in 14
the subsequent TPD experiment, but as shown in Figure 7B,
the addition of a 2.5 L exposure of benzene to a 2.5 L exposure
of vinyl bromide results in significant vinyl bromide molecular
desorption at the 123 K multilayer desorption temperature. The
multilayer vinyl bromide molecular desorption in Figure 7B
results because benzene displaces vinyl bromide molecules from
the monolayer to the multilayer where they can no longer
interact with and dissociate on the Cu(100) surface.

Although the results in Figure 7B indicate that benzene can
displace some portion of a vinyl bromide monolayer from
Cu(100), they do not determine the extent of displacement. To
determine the fraction of vinyl bromide molecules that are
displaced by benzene, experiments directly analogous to those | : : : | :
shown in parts A and B of Figure 7 have been performed while 100 120 140 160 180 200
monitoring them/e™ = 54 butadiene produced by the vinyl ANNEAL TEMPERATURE (K)

coupling reaction. Comparison of the butadiene yields with and r;y,re 8. Results of spectroscopic studie)@nd chemical displace-
without displacement by benzene (parts C and D of Figure 7) ment studies®) to determine the €Br bond dissociation temperature
indicates that the addition of benzene as a displacing agentin vinyl bromide on Cu(100). In each of these sets of experiments, a
results in a 90% reduction in the amount of butadiene product. 2.5 L exposure of vinyl bromide was briefly annealed to the temperature
This decreased yield reflects displacement of the vinyl bromide indicated and the fraction of unreacted vinyl bromide remaining on
molecules to the multilayer before they dissociate to produce the surface was then determined. In the chemical displacement studies,

. . the amount of unreacted vinyl bromide was quantified by thermal
the vinyl fragments that would have coupled to form butadiene. jeqorption after displacement by a 2.5 L exposure of benzene. In the

Asa reSl_J" of this facile di_splacem_ent, benzene _haS been appliedyEXAFS spectroscopy studies, the amount of unreacted vinyl bromide
as the displacing agent in experiments (described below) thatwas quantified from the intensity of the n(C1s)o*(C—Br) transition.

determine the vinyl bromide €Br bond dissociation temper- The solid line is a fit to the TPD yield. As discussed in the text, both

ature. experiments indicate that the-®r bond in vinyl bromide dissociates
L . " with a maximum rate near 157 K. (The large error bars on the NEXAFS

~ Determination of the €Br bond dissociation temperature  hoax intensities, and the negative value of the data point obtained after

in vinyl bromide with chemical displacement is possible because annealing to 180 K, reflect the relatively small signal-to-noise ratio in

vinyl bromide can only be displaced to the multilayer as long these spectra.)

as it remains molecularly intact. Once the temperature of the 44 the temperature of the peak maximum in a TPD spectrum
surface is high enough, the vinyl bromide irreversibly dissoCi- (fiects the temperature at which the rate of desorption from
ates, producing vinyl groups and bromine atoms, which are not i surface is largest.
displaced by benzene. Consequently, the scheme employed is 14 getermine the accuracy and validity of using chemical
to cover the surface with 1 ML of vinyl bromide at 110 Kand  gigpjacement to determine bond dissociation temperatures, we
then to anneal the surface to a certain temperature. After thecompare the results above with the vinyl bromide dissociation
reaction is quenched by cooling back to 110 K, the surface is emperature determined using near-edge X-ray absorption fine
exposed to 2.5 L (1 monolayer) of the benzene-displacing agent.qtrcture (NEXAFS) spectroscopy. Complete details of these
If_ the _vinyI bromide anneal temperature was in_sufﬁcien_t t0 NEXAFS results will appear elsewhéie Here, we present only
dissociate the €Br bond, the vinyl bromide will remain  h4se details necessary to determine theBEbond dissociation
molecularly intact, and will be displaced to the multilayer by temperature. The pertinent feature in the near-edge fine
benzene, and detected in the subsequent TPD measurement. O cture of the carbon K-edge spectra is the)(€ o*(C—
the other hand, if the vinyl bromide anneal temperature was Br) absorption feature at 287.5 eV. The intensity of thisg(C
sufficiently high to dissociate all of the vinyl bromide, there _. o*(C—Br) resonance is directly proportional to the number
will be no remaining molecularly intact vinyl bromide when ¢ ndissociated €Br bonds on the Cu(100) surface. The open
the benzene displacer is added, and no vinyl bromide Wi|| be circlesin Figure 8 plot the intensity of this {$— o*(C—Br)
detected in the subsequent TPD measurement. The yield ofgpsorption as a function of surface anneal temperature for a
displaced vinyl bromide as a function of surface anneal Cu(100) surface exposed to 2.5 L of vinyl bromide at 95 K.
temperature, therefore, provides a direct measure of the extentrhese intensities provide a direct measure of the extent-diC
of the vinyl bromide dissociation reaction. bond dissociation as a function of surface temperature. (The
The filled circles in Figure 8 plot the vinyl bromide molecular magnitudes of the filled circles in Figure 8 were determined by
ion TPD spectrum peak area as a function of the temperaturenormalizing the n(@) — o*(C—Br) peak intensity to the
to which the surface is annealed after vinyl bromide exposure difference between the intensity of the preedge and the carbon-K
at 110 K and before exposure to the benzene-displacing agentpostedge in each NEXAFS spectrum. The scatter in thesg)n(C
(The TPD spectra corresponding to the data in Figure 8 are— ¢*(C—Br) peak intensities and the negative value for the
presented elsewhe?8. As shown, increasing the vinyl bromide  data point obtained after annealing to 180 K reflect the small
anneal temperature decreases the yield in the vinyl bromidesignal-to-noise levels in these experiments.) As Figure 8
molecular ion TPD spectra with virtually no vinyl bromide yield indicates, after annealing to 210 K there is no intensity in the
when the surface is warmed to 187 K where all the vinyl n(Ci — ¢"(C—Br) absorption feature, indicating dissociation
bromide has dissociated. The inflection point in the fit to the of all vinyl bromide C-Br bonds below this temperature. The
vinyl bromide yield as a function of anneal temperature plot, temperature at which the rate of dissociation of vinyl bromide
which occurs at 157 K, reflects the temperature where the rateis largest, as determined by the inflection point in the fit to the
of dissociation of vinyl bromide molecules is the largest, just n(Cyg9 — o*(C—Br) absorption intensity vs surface temperature,

@ Displaced Vinyl
Bromide Yield

O o (C-l) NEXAFS
Absorption Intensity

SIGNAL INTENSITY (ARB. UNITS)
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the evolution of toluene at 316 K in Figure 9A is probably
155K desorption-limited. In other words, the coupling reaction to
| form toluene probably occurs below 316 K and the product
LoL toluene remains bound to the surface until 316 K where it
_ B desorbs. In particular, it is possible that toluene is formed
2 A= i concurrently with C-1 bond dissociation in methyl iodide, which
5 CHigh CgHgt occurs at approximately 140 K on clean Cu(18%° Such a
o] GPs M chomicar o5 CHgt result would be highly suggestive of a direct reaction between
< “ ooLcg Z methyl iodide and coadsorbed phenyl groups, possibly even
% 1.0 L lodobenzene-ds Annealed to 230 K ir}dicating a pathvyay involvi'ng a methyl radica! intermediate,
z Ilé?&“.i&“!ééﬂ‘fé‘ﬁe.hs since methyl radical evolution has been previously detected
e concurrently with G-1 bond scission in methyl iodide on
z Cu(100)>?€° The chemical displacement results presented
e below place an upper limit on the temperature for the low-
% o CeDs s cay temperature phenylmethyl coupling pathway.
‘@ A 777 > V2 The kinetics of the coupling reaction between phenyl and
£ sak methyl have been studied by employing chemical displacement
\ 426 K of the product toluene molecules. In this case, after generating
oL lodebenzene-ds a low coverage of deuterated phenyl groupsD& on the
+1.0 L Methy! lodide Cu(110) surface and dosing 1.0 L of methyl iodide, the surface
A : | was exposed to 10.0 L of iodobenzengHg, as a displacing
100 200 300 400 500 agent for toluene. Though not shown here, we have determined
TEMPERATURE (K) that iodobenzene quantitatively displaces 100% of a monolayer

of toluene to the multilayer. The TPD spectrum in Figure 9B
shows that following addition of the iodobenzene-displacing
agent, the low-temperature toluene channel (which appeared at
316 K in the absence of a displacing agent) is now observed at
the 155 K multilayer desorption temperature.

The results of the toluene product displacement experiment
in Figure 9B show the evolution of displaced toluene at 155 K
even when the surface is not annealed between dosing methyl
iodide and adding the iodobenzene-displacing agent, which is

The chemical displacement experiments described above,SU99estive of reaction at the 95 K methyl iodide adsorption
which determined significant vinyl bromide~Br bond dis- temperature. Infactf however, these results only determine that
sociation on Cu(100) between 140 and 170 K with the rate of COUPIing of phenyl with methyl occurs below the 155 K toluene
dissociation of vinyl bromide molecules peaking at 157 K, agree €volution temperature, since the excess iodobenzene-displacing
very well with these NEXAFS results. This comparison agent in the multilayer does not desorb until _160 K. _ As a result,
indicates that the chemical displacement provides a simple, 2Ny Product toluene formed below 160 K will be displaced by
economical, and accurate method of determining bond dissocia-{h€ Sécond-layer iodobenzene. Such displacement during the

Figure 9. Temperature-programmed desorption spectra monitoring
tolueneeds evolution atm/e” = 96 following (A) addition and (B) no
addition of 10.0 L of iodobenzengto a Cu(110) surface that had
been previously exposed to 1.0 L of iodobenzégeannealed to 230

K, and then exposed to 1.0 L of methyl iodide.

is 158 K. Although this fit to the n(€) — 0*(C—Br) absorption
intensity is not shown in Figure 8, it is virtually indistinguishable
from the fit to the displaced vinyl bromide TPD yield, which is
also depicted in Figure 8.

tion temperatures of adsorbates on metal surfaces.
I11.3. Determining Adsorbate Coupling Reaction Tem-
peratures With Chemical Displacement To demonstrate the

TPD heating ramp would not be an issue if the second-layer
iodobenzene also displaced the reactant methyl iodide, but it
has been found that iodobenzene cannot displace methyl iodide

utility of chemical displacement for determining not only the from the monolayer to the multilayer for the low methy! iodide
temperature of an adsorbate coupling reaction but also thecoverages used in these experiments. Consequently, it is
mechanism of that reaction, we examine the reaction of methyl Possible that unreacted molecular methyl iodide and phenyl
iodide with adsorbed phenyl groups on Cu(110). Since a 9roups remain in th(_e mon_olayer even after the |odobenz¢ne has
detailed discussion of this reaction will be given elsewtfére, Peen added as a displacing agent to the surface. In this case,
this section presents only the material necessary to understandhe iodobenzene would simply fill multilayer sites at 95 K. As
the reaction kinetics as determined by chemical displacement.!ong as the phenyimethyl coupling reaction occurs below the
When submonolayer coverages of phenyl groups on Cu(110)1§0 K |od_obenzene des_orptlon temperature, the pro_dg_ct toIL_Jene
(generated by dosing 1.0 L of iodobenzehat 95 K and briefly will _be dlsplaced (by iodobenzene, which was initially in
annealing the surface to 200 K to break theIbond) are _multllayer sites) from the monola)_/er to the multilayer, where
exposed to 1.0 L of methyl iodide at 95 K, the subsequent TPD it can desorb at 155 K as shown in Figure 9B.
spectrum, shown in Figure 9A, shows two distinct channels for ~ This study thus indicates both the potential and the limitations
the formation of toluene product. The high-temperature channel in applying chemical displacement to monitor surface reactions.
with a peak at 426 K results from coupling of chemisorbed The limitations concern low-temperature reactions that occur
methyl and chemisorbed phenyl groups followed by immediate at or below the temperature of desorption of the displacing agent
product desorption. This high-temperature reaction-limited from the multilayer, since in this case the presence or absence
toluene formation channel has been previously desctizaul of displaced products at the multilayer desorption temperature
will not be discussed further. The reaction mechanism for the provides only an upper limit for the temperature of reaction. In
low-temperature toluene formation channel, with a peak de- other words, regardless of whether reaction has occurred prior
sorption temperature of 316 K in Figure 9A, is less obvious. to desorption of the displacing agent from the multilayer or
Since the product formed by this low-temperature channel simultaneously with it, a temperature-programmed desorption
desorbs at the same 316 K temperature as a similar coveragesweep will give exactly the same result, and so only an upper
of molecular toluene on an otherwise clean Cu(110) surface, limit can be placed on the temperature of such a reaction. On
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the other hand, most surface reactions will occur at temperaturesequilibrium configuration of the initial adsorbate and displacing

significantly above that for multilayer desorption, in which case agent minimizes the Gibbs free energy, either entropy or

the major requirement for measuring the kinetics of reactant enthalpy could provide the driving force for displacement.

dissociation or product formation is the ability to displace the  One can write the changes in the Gibbs free energy upon

reactants and products from the monolayer at low temperaturesdisplacement as

In the present study only an upper limit of 155 K can be placed

on the coupling reaction, and the similarity of this temperature dGpgp = chi’j dn;;

to that for methyl iodide €1 bond dissociation suggests, as ]

detailed in a forthcoming publicatidrithat the reaction involves

a methyl radical, which is produced in the Cu(110)-catalyzed = Z(,ui’f + RTIn(n;;)) dn;;

dissociation of methyl iodide and which reacts with coadsorbed ]

phenyl before bonding to the Cu(110) surface.
= Z(hwo —Ts;° + RTIn(n;)) dn;; (1)

IV. Discussion M

The results presented above indicate that low-temperaturewhereg, is the chemical potential of thiéh component of the
chemical displacement of a weakly binding adsorbate by a more System in thgth layer (for the system described heje= 1 or
strongly binding hydrocarbon on copper surfaces is quite facile. 2). Nij is the mole fraction of theth component in thgth layer,

In addition, these experiments demonstrate that chemicalhi;® is the standard enthalpy for tiy component being in the
displacement can be successfully used to determine both thdth layer, ands;® is the standard entropy for tlith component
adsorbate bond dissociation temperature in vinyl bromide being in thejth layer. In eq 1 the term iiRIn(n;) may be
adsorbed on Cu(loo) and the-C bond formation temperature identified as the entropy of m|X|ng This contribution to the

in the reaction of coadsorbed phenyl plus methyl iodide on entropy is always present, even when the absolute entropy terms
Cu(110). This application of chemical displacement to deter- (s,°) cancel §i; s;° = 0) as assumed below.

mine the kinetics of the reactions of adsorbed molecules is Equation 1 gives for the equilibrium conditiorGgisp = 0:
similar to previous experiments by Muetterties, Friend, &t &P

using trimethylphosphine as a displacing agent and by Campbell —RTIn(K) = AG®p5p= Zhi,jo - Tz%c’ (2)

and co-worker$:294850,61 ysing BPTDS (bismuth-postdosing b g

thermal desorption spectroscopy). In the present experiments
however, the use of low-temperature chemical displacement,
followed by TPD, allows quantitative determination of the yield
of displaced reactant or product.

Since the present results probe the desorbing displaced
molecules in a TPD experiment, they do not directly address

‘whereK is the equilibrium constant amiiG°psp is a change in
standard Gibbs free energy upon displacement. Given the
similarity in molecular structure between the molecules being
displaced and those doing the displacing, it is reasonable to
presume that the changes in absolute entropies for the two

> ) species during displacement are equal in magnitude and opposite
the question of whether the actual displacement occurs at thein sign so tha\Soisp = 31;8,° ~ 0. Thus, we can equate
adsorption temperature or during the subsequent TPD experi-A e for displacement WItAG® Tor displacement, which in turn
ment. An examination of previous displacement experiments g5 the equilibrium layer concentrations for the displacement
along with an investigation of the thermodynamics of chemical process. Furthermore, because the systems investigated here
displacement, however, can address this question. For exampleg q g weakly bound hydrocarbonsHpisp is not expected to
previous experiments using surface sensitive vibrational spec-,q highly temperature- or coverage-dependent. Therefore, we
troscopies to study isotopic exchange gHgand GDg between take AHpisp as AH®, which, given the approximations above,
adsorbed layers on R and Cd° provide evidence of g equal toAG?.

chemical displacement at the 110 K adsorption temperature. In \nhen the enthalpy change for displacement is determined,
addition, previous X-ray diffraction experiments have deter- changes in both adsorbatedsorbate and adsorbatsurface

. . 46 47 . . :
mined that the d|spllacement Of,F@'Cﬁle’ and CCk*' by . interactions must be considered. If, however, we assume that
Xe occurs on graphite at approximately 80 K. These previous {he enthalpy of mixing within each of the individual layers
results, then, suggest that some chemical dlsplacement probablyﬂurmg the displacement process is zero, then adsorbate
occurs at the 100 K adsorption temperature used in the present, s, rhate interactions can be neglected and one can define the
experiments. These previous experiments, however, QO nOtchange in enthalpy upon displacementipisp, in terms of
address the extent to which the second-layer population of gy nerimental observables in the TPD spectra. Up to this point,
displaced molecules determined by the TED desorption yield ; has been tacitly assumed that the dominant adsorisatéace
reflects the actual second-layer population at the 100 K jqieraction is the adsorbatenetal binding energy. The change

aQSorption temperature. In other Words, some displacement;, enthalpy upon displacement, however, depends also on the
might occur at 100 K, but the extent of displacement may change geond-layer binding energies as demonstrated by the thermo-

as the surface temperature is increased during a TPD experimentdyn(,imiC cycle in Figure 10. As this cycle shows, the enthalpy

To addregs thi_s issue, a discussion of the thermodynamics Ofchange for complete displacement of species B by species A is
the chemical displacement process must now be presented. given by the sum of the enthalpies for desorbing A and B from
The results above, as well as many of the previous results the second layer and monolayer, respectively, plus the enthalpies

listed in Tables 3, suggest that these chemical displacement for adsorbing A and B onto the monolayer and second layer,
processes achieve thermodynamic equilibrium in the few regpectively. Mathematically,

seconds between adding the displacing agent and the beginning

of the TPD experiment. Because equilibrium is probably ~ AHpqp = [(AHg) + (AH,)] + [(—AH;,) + (—AH,p)]
achieved on a time scale that is fast compared to the time scale (3)

of the TPD experiment, thermodynamics is probably the

determining factor in the extent of displacement and in the (Although enthalpy changes upon adsorption are negative, the
characteristics of the displacement TPD spectra. Since theconvention within the community is to define the enthalpy of
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Figure 10. Thermodynamic cycle for the chemical displacement of
one layer of species A by one layer of species B. Using the system

with both species removed to the gas phase as an intermediate in the
displacement cycle reveals that the change in enthalpy upon displace-

ment is [AH1g) + (AH2a)] + [(—AH2g) + (—AH14)]. The individual
enthalpy termsAH;4, etc., are the heats of adsorption of the A or B

species in the first or second layer as discussed in the text. (The addition

of negative signs in front of the individual enthalpy terms is to reconcile
sign conventions for heats of adsorption with thermodynamic definitions
as discussed in the text.)

adsorption AHia, etc., as positive. Equation 3 maintains the
conventional definition of a positive enthalpy of adsorption, with
negative signs being inserted to reconcile this convention with
the thermodynamic definition.) Equation 3 can be rewritten as

4

in order to cast the enthalpy of displacement in molecule-specific
terms. In other words, the terms in brackets are simply the
differences in the heats of adsorption in the first and second

AHpisp= [AH g — AH,g] — [AH; 4 — AH,,]

layers. Thus, one can measure and tabulate differences betwee
first- and second-layer heats of adsorption, and the larger the

difference, the greater the displacing ability of the species.

Each of these individual enthalpies of adsorption can be
determined from the desorption profiles in a TPD experiment.
For example, the TPD spectra in FiguresSindicate that for
1-hexene displacing cyclopentene on Cu(10®;o = 13.5
kcal/mol, AH,4 = 8.8 kcal/mol,AH;g = 12.3 kcal/mol, and
AHzs = 8.4 kcal/mol. The total change in enthalpy upon
displacement of cyclopentene by 1-hexene on Cu(100), then,
is —0.8 kcal/mol. The results of the chemical displacement
experiments in Figures 3 and 5, which show that 1-hexene
displaces virtually all of the monolayer cyclopentene molecules
adsorbed on Cu(100), indicate that thi®.8 kcal/mol change
in enthalpy upon displacement is enough to overcome the
tendency toward random mixing of the two molecules between
the first and second layers.

As was suggested above, the equilibrium mole fractions of
first- and second-layer molecules as a function of temperature

and the enthalpy change for displacement can be determined?®

from AH°pisp &~ AG®° = —RTIn K. Figure 11 plots the mole
fraction of the displacing agent in the first layena, as a
function of AH®psp for several different surface temperatures.
For referencen;a = 1.0 indicates complete displacement of B
by A and ma = 0.5 indicates random mixing of A and B
between the two layers. The results in Figure 11 confirm our
intuitive expectations concerning the extent of displacement in
the limits of smallAHpsp and largeAHpsp. For example, for

all four temperatures showmHp,sp = 0 results inn;a = 0.5.
Returning momentarily to eq 1, we see that this corresponds to

dGpsp=RT ZIn(niJ) dn;
L

(since we have assumed that the terms jhcancel), showing
that the free energy of displacement is due solely to the terms
in RIn(n;;), which we have identified above with the entropy
of mixing. Thus, the equilibrium point is set completely by
this mixing term, which is essentially an entropic-driven

Kash et al.

Equilibrium Mole Fraction of A in First Layer

0.5

2 4 6

- AH, Displacing B) (kcal/mot)
Figure 11. Mole fraction of species A in the first layer at thermody-
namic equilibrium for a system prepared by coadsorbing one monolayer
of species B and one monolayer of A, as a function of the change in
enthalpy upon displacement of B by A at several different surface
temperatures.

randomization of the adsorbate and the displacing agent between
the two layers AG°pisp = 0, K = 1). At the other extreme,
whenAHpspis large (e.g., less than2.0 kcal/mol), one finds
complete displacement (i.eya = 1) at 100 K. As the surface
temperature is increased, the mixing term, which scales with
T, becomes more important, and at 400 K, complete displace-
Fent requiresAHp;sp = 8.0 kcal/mol. In general, one finds
that>99% displacement requiréAHpisg/T| > 20 cal/(mol K).

Of more direct relevance to the present experiment, Figure
11 also provides a prediction for the extent of displacement of
cyclopentene by 1-hexene on Cu(100) whAtdpisp ~ —0.8
kcal/mol. For a 100 K surface temperature, this simple
calculation predicts a mole fraction of 1-hexene in the first layer
of 0.9, or displacement of 90% of the initial cyclopentene
molecules to the second layer. At 140 K, which is closer to
the actual cyclopentene second-layer desorption temperature in
Figure 3C, Figure 11 predicts displacement of 81% of the initial
cyclopentene molecules to the second layer.

Although thermodynamics predicts displacement of a majority
of monolayer cyclopentene by 1-hexene on Cu(100), it does
not predict the nearly 100% displacement measured in the TPD
experiment in Figure 3C. This lack of complete agreement with
experiment likely results from the fact that the calculation
assumes a static configuration of one monolayer of cyclopentene
nd one monolayer of 1-hexene. In the actual TPD experiment,
the total number of adsorbed cyclopentene molecules decreases
as the temperature is increased to near 140 K owing to
desorption of displaced, second-layer cyclopentene. As the total
number of adsorbed cyclopentene molecules decreases during
the TPD experiment, the mole fraction of cyclopentene and
1-hexene in each layer must change to continually minimize
the system’s Gibbs free energy. Intuitively, as cyclopentene
desorbs from the second layer, more first-layer cyclopentene
should be displaced (law of mass action).

To address the extent of dynamic displacement of first-layer
cyclopentene as second-layer cyclopentene desorbs during the
TPD experiment, the displacement equilibrium has been ana-
lyzed for the case where a different total number of cyclopentene
molecules are available for displacement from the first layer,
thereby simulating the effect of removal of the adsorbate through
the second-layer thermal desorption channel. Figure 12 plots
the coverage of B (the species to be displaced) remaining in
the first layer as a function of the total coverage (first and second
layers) for three separatkHpsp values, includingAHpisp =
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A1 Monolayer) + B(Variable Coverage) displaced as second-layer molecules desorb during the TPD

experiment.
0.4- —*— AH=-0.20 kcal/mol Although this simple approach explains the results of the
—e— AH=-0.80 kcal/mol experiments presented here, in other systems adserbate
—o— AH=-1.16 kcal/mol adsorbate interactions and absolute entropy factors (situations

where the terms irs;° do not cancel) may be much more
important and may ultimately determine the efficiency and
selectivity of chemical displacement. The success in explaining
the present chemical displacement experiments based solely on
first- and second-layer adsorbate binding energies results
because we have specifically chosen systems in which there is
a substantial difference between the initial adsorbatetal
binding energy and the displacemetal binding energy. In
systems where that binding energy difference is smaller,
adsorbate-adsorbate interactions between the displacing agent
and the initial adsorbate could easily alter the bonding to the
0.0-, : : . : [ metal surface sufficiently to affect the selectivity of the
1.0 0.8 0.6 0.4 0.2 0.0 displacement reaction. Also, when the difference in binding
Fractional Coverage of B (Layer 1 + Layer 2) energies to the surface is small, absolute entrep$) (effects
Figure 12. Coverage of species B in the first layer at thermodynamic will C_Ont“bUte more _Slgnlflcantly. For example, benzengkig,
equilibrium at 140 K for a system prepared by coadsorbing the indicated and its deuterated isotopeslls, mix randomly between the
coverage of B and one monolayer of species A, as a function of total monolayer and the multilayer on Cu(129).
coverage of B in the first and second layers. The three separate curves Finglly, we re-emphasize a possible shortcoming in applying
2"9 for the indicated changes in enthalpy upon displacement of B by cpemical displacement to determine reaction temperatures on
) surfaces. In an ideal displacement experiment, the displacing
molecule should quantitatively displace the desired adsorbate
from the monolayer to the multilayer. In addition, the reaction
of interest should occur at a temperature higher than the
temperature at which the displaced molecule desorbs from the
multilayer. When both of these conditions are met, as in the
example of G-Br bond dissociation in vinyl bromide on
Cu(100), chemical displacement provides a simple means of
determining reaction temperatures. When these two conditions
are not met, however, the results of the chemical displacement
experiment can be ambiguous as in the case of phengthyl
coupling on Cu(100), which was described in section 111.3. In
this system, because the reaction occurs below the temperature
at which the displacing agent desorbs from the multilayer and
because the displacing agent does not quantitatively displace
the reactant Ckl, we can conclude only that the coupling
reaction must occur below 155 K, the temperature at which the
displaced product toluene molecules desorb from the surface.

0.3

0.2

0.1

Equilibrium Fractional Coverage of B in Layer 1

—0.8 kcal/mol, which applies for the case of 1-hexene displacing
cyclopentene on Cu(100). The calculation is performed as
follows. First, the equilibrium constank, is computed from
—AH°pisp = RTIn K. Then this equilibrium constant is used
to calculate [B] as a function of ([B] + [B2]). For A; + Az

= 1land (B + Bp)/(A1 + Ap) = q, the fraction of B in the first
layer is given byq — X, with x = Bo/(A1 + Ay), wherex =
{=(1 + 9K £ [K(1 + 0)* + 4Kq(1 = K)]¥3}/[2(1 = K)].
Consistent with the results in Figure 11, Figure 12 indicates
that when no B has desorbed (i.e., total coverage of B; +

B, = 1) andAHp;sp = —0.8 kcal/mol, 19% of B remains in
the monolayer. As the total coverage of B decreases, the
fractional coverage of B in the first layer also decreases. This
decrease in first-layer concentration of B results from the fact
that B is displaced to the second layer to continually minimize
the system’s Gibbs free energy. After 80% of B has desorbed
at 140 K, the fraction of B in the first layer has decreased to
8%. Note that as the coverage of B approaches zero, the fractior\/ Conclusions
of B in the first layer also approaches zero so that it is possible "

for B to be selectively desorbed despite significant mixing  The experiments presented here demonstrate that chemical

between layers prior to and during desorption. displacement can be quite facile at temperatures as low as 100
Consequently, Figure 12 suggests that even though only 81%K and that low-temperature chemical displacement can be used
of the initially adsorbed molecules are displaced widiysp as a simple and economical method for determining the kinetics

= —0.8 kcal/mol and a full monolayer of both the initial of reactions occurring on surfaces under UHV conditions. In
adsorbate and the displacing agent are adsorbed on the surface&onnection with the former, it was demonstrated that enthalpy
dynamic displacement during the TPD experiment can result is the driving force behind the displacement of cyclopentene
in nearly 100% displacement of the initial adsorbate. This by more strongly binding benzene, 1-hexene, and cyclohexene
analysis assumes that all of the species displaced to the secondn Cu(100). In addition, surface structure sensitivity in chemical
layer desorb before any significant desorption of the second- displacement has been demonstrated through studies showing
layer displacing agent commences. In the case of cyclopenteneghat benzene displaces cyclopentene on Cu(100), while the
displacement by 1-hexene on Cu(100), this assumption isreverse is true on Cu(110). Applications of chemical displace-
justified by the 10 K higher second-layer desorption temperature ment to determine reaction kinetics have also been demonstrated
for 1-hexene. Furthermore, the results in Figure 12 also suggestand show that €Br bond dissociation in vinyl bromide occurs
that even under less favorable displacement conditions (e.g.,near 157 K on Cu(110) and that toluene formation from the
AHpisp of only —0.2 kcal/mol) this dynamic displacement reaction of coadsorbed methyl iodide and phenyl groups occurs
mechanism can still result in nearly total displacement of an below 155 K on Cu(110).

adsorbate from the monolayer. In this case, even though 41%

of the adsorbates initially in the monolayer remain in the first ~ Acknowledgment. Financial support from the National
layer before any second-layer desorption occurs, all of the Science Foundation (Grants CHE-93-18625 and DMR-94-
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